Chios mastic oil (CMO), the essential oil derived from Pistacia lentiscus (L.) var. chia (Duham), has generated considerable interest because of its antimicrobial, anticancer, antioxidant and other beneficial properties. In the present study, the potential genotoxic activity of CMO as well as its antigenotoxic properties against the mutagenic agent mitomycin-C (MMC) were evaluated by employing the in vitro Cytokinesis Block MicroNucleus (CBMN) assay and the in vivo Somatic Mutation And Recombination Test (SMART). In the in vitro experiments, lymphocytes were treated with 0.01, 0.05 and 0.10% (v/v) of CMO with or without 0.05 μg/ml MMC, while in the in vivo assay Drosophila larvae were fed with 0.05, 0.10, 0.50 and 1.00% (v/v) of CMO with or without 2.50 μg/ml MMC. CMO did not significantly increase the frequency of micronuclei (MN) or total wing spots, indicating lack of mutagenic or recombinogenic activity. However, the in vitro analysis suggested cytotoxic activity of CMO. The simultaneous administration of MMC with CMO did not alter considerably the frequencies of MMC-induced MN and wing spots showing that CMO doesn't exert antigenotoxic or antirecombinogenic action. Therefore, CMO could be considered as a safe product in terms of genotoxic potential. Even though it could not afford any protection against DNA damage, at least under our experimental conditions, its cytotoxic potential could be of interest.
Introduction
Natural products have been proven to possess multiple biological properties and gained significant interest for the development of various human-related applications, including medical treatments. While most studies are focused on isolated compounds, there is increasing evidence that natural combinations of phytochemicals in extracts show enhanced properties [1, 2] .
CBMN assay in human lymphocytes in vitro
Blood samples were kept under sterile conditions in heparinized tubes. Whole blood (0.5 ml), 6.5 ml Ham's F-10 medium, 1.5 ml foetal bovine serum and 0.3 ml phytohaemaglutinin to stimulate cell division, were added to the culture.
Dilution of CMO in ethanol (1:1 v/v) was conducted and it was subsequently added to final concentrations of 0.01, 0.05 and 0.10% (v/v) in culture volume either alone or in combination with 0.05 μg/ml of MMC. The MMC concentration used in the present study has been previously used as positive control in the particular assay and cell type [1, 26] . The CMO concentrations were selected based on a previous work by our group [1] proving the protective effect of CMW-aqueous extract of mastic resin which contains CMO at 0.5-1% (v/v) concentration [data from CMGA]-against the MMC-induced genotoxicity in the CBMN assay. Two identical sets of the experiment were conducted for all aforementioned concentrations as well as for positive and negative controls.
24 h after culture initiation the appropriate volumes of chemicals were added and 20 h later Cyt-B was added at final concentration of 6 μg/ml in every culture. According to the scientific literature this concentration of Cyt-B has been proven best in the acquisition of a higher percentage of binucleated (BN) cells and a lower baseline MN frequency [27] . The incubation of cultures took place in a humidified atmosphere of 5% CO 2 at 37°C. 72 h after the initiation of culture, cells were harvested and collected by centrifugation. 3:1 solution of Ham's medium and milli-q H 2 O was used as a mild hypotonic treatment and cells were left for 3 min at room temperature. 10 min fixation (for at least 3 times) was then performed using a fresh 5:1 solution of methanol/acetic acid and finally cells were stained with 7% Giemsa [28] [29] [30] .
A total of 2000 BN cells with preserved cytoplasm was scored per experimental point. Scoring of MN was conducted according to standard criteria [31, 32] and performed manually by two, independently working, experienced researchers. The cytokinesis block proliferation index (CBPI) was applied so as to determine potential cytotoxicity and it was calculated by counting at least 1000 cells for each experimental point (500 cells per culture per donor). CBPI is given by the equation: CBPI = [M 1 + 2M 2 + 3(M 3 + M 4 )]/N, where M 1 , M 2 , M 3 and M 4 correspond to the numbers of cells with one, two, three, and four nuclei and N is the total number of cells [33] .
SMART test in Drosophila melanogaster in vivo
Two D. melanogaster strains, the multiple wing hair strain (mwh, 3-0.3) with genetic constitution fs(1)K10 w/Y;mwh se e/mwh se e and the flare strain (flr 3 , 3-38.8) with genetic constitution y wco/y wco; flr3 se/TM2 Ubx130 se e [34, 35] , were used in the present study. Description of the genetic markers is given in Lindsley and Zimm [34] . Insects were maintained at 24±1°C, at a photoperiod 16:8 (light:dark) on a yeast-glucose medium. The experiments were carried out as described in Vlastos et al. [1] following the principles and the basic procedures presented by Graf et al. [15, 16] . Thus, eggs obtained by parental crosses between flr 3 virgin females and mwh males were collected during a six-hour period and 72±3 h later, the larvae were washed out of the bottles with Ringer's solution and collected in a stainless steel strainer. Series of 40 larvae were transferred for chronic feeding to treatment vials containing 0.85 g of Drosophila Instant Medium (Carolina Biological Supply, Burlington, NC, USA) rehydrated with 4 ml of 0.05, 0.10, 0.50 and 1.00% (v/v) CMO alone or in combination with MMC. The above concentrations were used based on previous studies [10] as well as on a previous work of our group [1] , where the aqueous extract of mastic resin, CMW, which contains CMO at 0. large single spots (with three or more affected cells, either mwh or flr 3 ), (iii) twin spots (consisting of both mwh and flr 3 subclones), and (iv) total spots [15, 34] . Single spots (mwh or flr 3 ) are produced by various genetic events including somatic point mutations, deletions and other types of structural rearrangements as well as by mitotic recombination between the two marker genes, while twin spots (mwh and flr 3 ) are produced exclusively by mitotic recombination occurring between the proximal marker flr 3 and the chromosome 3 centromere [34] . For comparative analysis, parallel experiments using either distilled water or ethanol solution (1%) were carried out as the negative controls. Ten replicates per treatment were performed. Since no considerable difference in survival rates of hatched flies from independent experiments was observed, approximately 50 wing samples per treatment were randomly selected for genotoxic analysis. All experiments were performed at 24±1°C and 60% RH. A total of about 600 wings were scored in this study.
Statistical analysis
All results of the CBMN assay are expressed as the mean frequency ± standard error (MF ± se). The G-test for independence on 2x2 tables was used to perform the statistical analysis of the MN data. The chi-square test (χ2 test) was used for the analysis of CBPI among each treatment. Differences at p < 0.05 were considered significant. The statistical softwares used for data analysis were the Origin 7.0 (OriginLab Corporation, Northampton, MA, USA), the Minitab statistical software (Minitab Inc., PA, USA), and the Statistical Package for Social Sciences (SPSS) for Windows, version 17.0. Statistical analysis of the data derived by the SMART assay was done using the multipledecision procedure [37, 38] which is based on the conditional binomial test and the chi-squared test (K. Pearson's criterion) [39, 40] . A significance level of 5% was used. For the statistical assessment of antigenotoxicity, the frequencies of each type of spots per fly were compared in pairs (MMC versus MMC+CMO), using the nonparametric Mann-Whitney U-test [41] , which was performed with SPSS.
Results

CBMN assay in human lymphocytes in vitro
CMO was studied for genotoxicity at three different concentrations, i.e. 0.01, 0.05 and 0.10% of total volume of human lymphocytes culture, and the results are summarized in Table 1 .
No statistically significant differences in the binucleated cells with micronuclei (BNMN) as well as in the MN frequencies were observed between control and CMO-treated cultures. The same CMO doses were also tested in combination with 0.05 μg/ml MMC in order to identify whether and at which percentage CMO decreases its genotoxic effect. As expected, MMC alone provoked a statistically significant increase in MN (average 56.5 vs 2.5) and BNMN frequency (average 56.0 vs 2.5) as compared to control. This increase was maintained or slightly decreased after co-treatment with CMO and MMC (average 49.0-56.5 and 48.5-56.0 for MN and BNMN, respectively, for the different CMO concentrations). Thus, CMO did not counteract in a statistically significant way the genotoxic effects of MMC.
CMO was further tested for cytotoxicity with and without MMC by the determination of the CBPI index (Table 1) . CMO decreased this index as compared to control (1.41-1.92 vs 1.95), with the difference reaching statistical significance at the two highest CMO doses. When CMO and MMC were co-administered to the lymphocytes culture, the addition of CMO reduced the CBPI observed by MMC alone (1.25-1.68 vs 1.71). This decline was statistically significant for the two highest CMO concentrations.
The size ratio of MN in the in vitro CBMN assay is an alerting index as effective as the fluorescence in situ hybridization (FISH) analysis for the discrimination of clastogenic and aneugenic effects [29, 42] . Compared to the positive control size ratio of MN, no statistically significant decrease in small and large MN frequency in mixtures of CMO and MMC was observed (data not shown).
To summarize, CMO was not genotoxic at any of the applied concentrations, while it exerted cytotoxic activity at the highest concentrations. CMO did not statistically significantly reduce the genotoxic effect of MMC. On the other hand, the combination of CMO and MMC induced a significant decline of the CPBI index.
SMART assay in D. melanogaster in vivo CMO was examined for its possible mutagenic and recombinogenic activities in vivo at four concentrations [0.05, 0.10, 0.50 and 1.00% (v/v)] by the SMART assay. The evaluation of the antigenotoxic effect of CMO against the genotoxic damage induced by MMC was accomplished by co-treatment of the above doses of CMO with MMC at final concentration of 2.50 μg/ml. The results together with the negative control experiment are summarized in Table 2 . No significant differences in the frequency of the observed spontaneous spots were found between the two negative controls (water control and 1% ethanol). Thus, for the statistical analysis the average spontaneous frequency of total spots (0.63) of the controls was used. The comparative screening for spontaneous and induced mutagenesis after chronic treatment of Drosophila larvae with CMO at the lowest concentrations (0.05 and 0.10% v/v) showed no significant differences (p >0.05) in the frequency of any type of spots in the treated and the negative control series, indicating absence of genotoxicity (Table 2) . At the highest concentrations of CMO (0.50 and 1.00% v/v), even though a higher percentage of small spots was observed, the analysis of the total spots gave inconclusive result (Table 2 ). However, this result could be interpreted as having minor biological significance, since the frequency of total mutant clones was not highly different from the control (0.82-0.88 vs 0.63).
The potential antigenotoxic activity of CMO was examined by co-treatment with the above concentrations of CMO and 2.5 μg/ml MMC. As shown in Table 2 , MMC, which was used as a positive control, evoked a statistically significant rise in all kinds of spots indicating genotoxic and recombinogenic activities and, thus, strengthening the validity of our system. When CMO was co-administered with MMC, no significant differences in any spot category were observed in the applied CMO concentrations (Table 2) , indicating absence of antigenotoxic and antirecombinogenic activity.
In conclusion, our in vivo assay demonstrated that CMO lacks genotoxic or recombinogenic activity at the applied concentrations. Co-treatment with CMO and the genotoxic agent MMC revealed no statistically significant differences as compared to MMC alone.
Discussion
In recent years there is an increasing international interest in mastic products derived from the plant Pistacia lentiscus (L.) var. chia (Duham) due to their antibacterial, antimicrobial, antiinflammatory, antioxidant and anticancer activities [8] [9] [10] . Based on these data as well as on a recent work of our group [1] where we showed a protective role of CMW against the MMCinduced genotoxicity, in the present study we evaluated the cytotoxic and genotoxic effects of CMO, as part of establishing its safety profile, and estimated its antigenotoxic potential. For this purpose, the in vitro CBMN assay in cultured human lymphocytes and the in vivo Somatic Mutation And Recombination Test (SMART) in Drosophila melanogaster were employed as they allow detection of various genetic endpoints during the cell cycle or special developmental stages [14, 15, 43] .
In both applied assays, CMO lacked genotoxic, mutagenic or recombinogenic effects, with the MN and wing spot frequencies not being statistically significantly different from the negative controls (Tables 1 and 2 ). However, statistical analysis of total spots in SMART test (Table 2) for the two highest concentrations (0.50, 1.00%) led to inconclusive results due to the Table 2 . Frequencies of small, large, twin and total mosaic spots in D.melanogaster wings of individuals treated with Chios mastic oil (CMO), mitomycin-C (MMC) (2.5 μg/ml) or their mixture. The number of mutant spots is given in parenthesis. Symbols next to values signify the following: +, positive mutagenic effect;-, no mutagenic effect; i, inconclusive effect (p = 0.05); Statistical diagnosis according to Frei & Würgler [38] .
increase in frequency of small spots, which in the case of 1.00% was found statistically significant. Even though in the latter concentrations the inconclusive results are interpreted as having minor biological significance, the positive result of small spots at the high concentration of 1.00% should not be overseen. Doi et al. [44] also indicated a promotion potential of Chios mastic gum on the formation of preneoplastic lesions in the rat liver at similar doses. To our knowledge, there are no previous reports on the genotoxic potential of CMO. However, our results are in line with the absence of genotoxicity of another mastic extract, CMW, as well as of fruit extracts from P. lentiscus [1, 45, 46] . Moreover, one of the major constituents of CMO, β-myrcene, as well as some of its minor constituents [5, 6, 12] were found not to exert any genotoxic activity in a great number of in vitro and in vivo systems [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Regarding the other major constituent of CMO, α-pinene, although most studies have demonstrated lack of genotoxicity [47, 50, 54, 56, 57] , it was once shown to compromise genomic stability [58] . CMO is a complex mixture of bioactive terpenes [5, 6, 12] ; thus, the observed absence of genotoxicy could be attributed to synergistic and/or antagonistic actions among its constituents [56, 59] . Furthermore, differences in results obtained using different concentrations and assays suggest that much attention should be given to better understand the underlying mechanisms and to determine the appropriate safety levels of mastic products as well as of all naturally-occurring agents.
The potential antigenotoxic activity of CMO was examined by co-treatment of human lymphocytes and D. melanogaster larvae with CMO and the mutagenic inducer MMC. MMC is an antibiotic that transforms into an alkylating agent and affects DNA synthesis, causes interstrand cross-links in DNA and formation of DNA adducts [60] [61] [62] [63] . It was found to be genotoxic in all in vitro and in vivo test systems in mammalian cells and animals and was clearly demonstrated as carcinogenic agent [1, [64] [65] [66] [67] [68] [69] [70] [71] . Accordingly, MMC was found to be genotoxic in both our in vitro and in vivo assays, inducing statistically significant increase in MN, BNMN and wing spots (Tables 1 and 2 ). The results obtained here by both assays did not demonstrate a protective effect of CMO against genotoxic action of MMC, indicating that it had no antigenotoxic activity in the specific concentrations and experimental conditions (Tables 1 and 2 ). Even though the two major compounds of CMO, i.e. α-pinene and β-myrcene, as well as a few others found in lower percentages (e.g. a-caryophyllene, limonene), have demonstrated some antigenotoxic potential [51, [72] [73] [74] [75] , the fact that CMO could not afford any protection against MMC-induced genotoxic induction could be due to antagonistic effect among the CMO constituents or the different concentrations and assays applied in each study. However, other mastic products or extracts (e.g. CMW and P. lentiscus fruit extracts) have been shown to protect against genotoxic agents [1, 45, 46] . This difference could be due to the different composition of mastic products or extracts or to the CMO's hydrophobic nature, which could interfere with the usual mechanisms underlying antimutagenic activity [73] . Indeed, CMO did not alter considerably the redox or detoxification mechanisms of different tissues [76] .
When the cytotoxicity of CMO was evaluated, a significant decrease of CBPI values was observed at the highest concentrations of CMO (Table 1) , as well as at all the concentrations of CMO and MMC mixtures, consistently with the previously reported cytotoxic/anticancer potential of CMO. Specifically, CMO inhibited Lewis Lung Carcinoma tumor growth both in vitro and in vivo [24] as well as the growth and survival of human K562 Leukemia Cells [23] . Moulos and colleagues [77] presented evidence concerning the molecular basis of CMOinduced inhibition of tumor cell growth and their gene ontology analysis revealed modifications on cell cycle/proliferation and survival among others. Furthermore, mastic gum extracts showed antitumor activity against human colorectal cancer [78] . Finally, the cytotoxic activity exhibited by CMO can be supported by literature data demonstrating that several of its constituents possess cytotoxic and anticancer potential [75, [79] [80] [81] [82] [83] [84] [85] [86] . However, most probably CMO's cytotoxicity is the result of synergism, since combinations of phytochemicals had previously shown enhanced reactivity compared to individual compounds due to their additive and/or synergistic interactions [87] . Indeed, concerning CMO, its antibacterial activity was attributed to a cocktail of constituents including some of the trace elements [6] .
In conclusion, our work provides evidence on the lack of genotoxic, mutagenic or recombinogenic activities of CMO under our in vitro and in vivo conditions. Although no antigenotoxic effect could be sustained, the absence of genotoxicity and the promising cytotoxicity is suggestive of a natural nontoxic product with pharmacological potential. The numerous and diverse properties of Chios mastic resin and its products warrant further research and an effort to identify specific constituents associated with different effects.
